Drosophila mojavensis wrigleyi and D. mojavensis sonorensis are geographically separated races of cactophilic fruit flies. D. mojavensis sonorensis inhabits the Sonoran Desert and utilizes necrotic rots of Stenocereus thurberi Engelm. as a food source and to oviposit while D. mojavensis wrigleyi inhabits Santa Catalina Island, California and utilizes the necrotic rots of Opuntia littoralis (Engelm.) Cockerell. The objectives of this study were to determine the volatile compositions of the necrotic cacti and to determine if the volatile components show either selective toxicity or attraction toward the fruit flies. The volatile chemical compositions of field-rot specimens of both necrotic cacti were obtained by dynamic headspace (purge-and-trap) and hydrodistillation techniques and analyzed by gas chromatography -mass spectrometry. The volatile fraction of necrotic S. thurberi early rot was dominated by carboxylic acids (84.8%) and the late rot by p-cresol (32.6% in the dynamic headspace sample and 55.9% in the hydrodistilled sample). O. littoralis volatiles were dominated by carboxylic acids (86% in the dynamic headspace sample and 89.1% in the hydrodistilled sample). Fifteen compounds that were identified in the necrotic rot volatiles were used to test insecticidal activity and olfactory preference on the cactophilic Drosophila species, as well as D. melanogaster. Differences in toxicity and olfactory preference were observed between the different taxa. Both races of D. mojavensis exhibited toxicity to benzaldehyde and 2-nonanone, while butanoic acid and palmitic acid were tolerated at high concentrations. D. m. wrigleyi demonstrated a greater olfactory preference for anisole, butanoic acid, 2-heptanone, and palmitic acid than did D. m. sonorensis, while D. m. sonorensis demonstrated a greater preference for hexadecane, octanoic acid, and oleic acid than did D. m. wrigleyi.
Drosophila is a model organism for the study of ecology, genomics, and evolutionary biology [1] .
There are more than 2,000 identifiable species of Drosophila that are widely distributed throughout the world. Drosophila species have been identified that are generalists adapted to oviposit in multiple hosts and also that are specialists limited to feeding and ovipositing on a single host. The range of Drosophila hosts includes, but is not limited to, fruits, flowers, soil, land crabs, spider eggs, and cacti. The adaptation of Drosophila to numerous hosts has led to the specialization and speciation of Drosophila. This variety of hosts affects the reproductive biology and, ultimately, the evolution of Drosophila. D. melanogaster is a generalist that utilizes fruit, flowers, other plant parts, and green cactus as a food source and to oviposit [1] . D. mojavensis is a cactophilic fly that utilizes the necrotic rots of cactus as its host. D. mojavensis populates areas of Santa Catalina Island, California, the Mojave Desert of southern California and western Arizona, the Sonoran Desert of southwestern Arizona, and the desert areas of Sonora Mexico, and Baja California, Mexico [2] . A subspecies of D. mojavensis, D. mojavensis wrigleyi is geographically limited to Santa Catalina Island, California and utilizes necrotic rots of Opuntia littoralis (coastal prickly pear cactus) as its host [2] . D. mojavensis sonorensis, a second subspecies of D. mojavensis, is geographically limited to the Sonora Desert and utilizes necrotic rots of Stenocereus thurberi (organ pipe cactus) as a food source and a site to oviposit [2] except for the Desemboque, Mexico region where agria cactus (Stenocereus gummosus) is utilized [3] .
The volatiles of the cactus rot attract D. mojavensis for feeding and breeding [4] . The varying chemistry of the two different cactus species provides substrates for different subspecies of Drosophila. It is suggested that chemosensory perception is a target of natural selection leading to ecological specialization and divergence [5] . Ecological specialization may lead to genetic diversity within a species, which may lead to speciation [6] . Thus, the chemistry of both O. littoralis and S. thurberi are part of the complex interplay of ecological specialization, evolutionary biology, genetic diversity, and genomics in the Drosophila model. This study identifies the volatile compositions of the necrotic rots of both O. littoralis and S. thurberi. Compounds identified in the volatiles were investigated to determine the degree of toxicity to D. melanogaster, D. m. wrigleyi, and D. m. sonorensis, and the olfactory selectivity of the compounds to the three fly types. To our knowledge, this is the first study of the volatiles of field-rot cacti. The volatile oil from the early field rots obtained from the Organ Pipe Cactus National Monument was obtained by hydrodistillation and analyzed by GC-MS ( Table 1 ). The early rot oil was dominated by carboxylic acids (84.8%). Butanoic acid dominated the volatile oil of the early rot and comprised 33.0% of the total oil fraction. Hexanoic acid (16.2%), octanoic acid (15.6%), and nonanoic acid (11.1%) formed 42.9% of the total oil fraction. ο-Guaiacol comprised 2.2% of the early rot.
The volatile composition of the "early rot" S. thurberi specimens varied significantly from that of the "late rot" ( Table 2 ). Both the dynamic headspace (purge-and-trap) volatiles and the hydrodistillation were dominated by benzenoid aromatic compounds. The primary constituents of the dynamic headspace from the naturally necrotic late rot specimens of S. thurberi were pcresol (32.6%), heptacosane (7.1%), hexacosane (7.0%), pentacosane (6.4%), and octacosane (5.9%). The volatiles collected from the dynamic headspace of the naturally necrotic specimen were composed of 48% alkane, 6.9% alcohol-derived compounds, 4.5% ketones, and just 2.2% carboxylic acids. The only carboxylic acid identified in the dynamic headspace was palmitic acid (2.2%).
The volatile oil from hydrodistilled natural "late rot" of S. thurberi was dominated by p-cresol (55.9%). Although alkanes dominated the dynamic headspace of the late necrotic specimens, the hydrodistilled oil was void of any alkanes. The hydrodistilled oil was composed of 64.1% benzenoid compounds, 19.6% alcoholderived compounds, 6.5% ketones, 3.8% carboxylic acids, and 2.0% aldehydes. Although the "late rot' sample was devoid of the shortchain fatty acids identified in the "early rot", long-chain fatty acids were identified in the "late rot", including palmitic acid (2.2% dynamic headspace, 2.5% hydrodistilled), elaidic acid (0.8% hydrodistilled), oleic acid (0.2% hydrodistilled), and stearic acid (0.3% hydrodistilled).
The results in this study differ significantly from those published in an investigation of a lab-created rot specimen of S. thurberi wherein the cactus was inoculated with just seven yeast species and one bacterium [7] . The number and species of microbes on the field-rot employed in the present study was not ascertained, but it is possible that the microbes colonizing the natural rot are more numerous and more diverse than that created in the lab. The field-rotted specimens should better reflect the natural conditions of the necrosis process.
Green S. thurberi essential oil has been determined to be composed of 30.9% alkene hydrocarbons, 29.2% alkane hydrocarbons, 10.1% fatty acid esters, 7.6% carboxylic acids, 6.5% aldehydes, and 4.6% alcohols [8] . The necrotic specimens of S. thurberi had volatile fractions that varied significantly from the green cactus. Early field to both the necrosis of the cactus flesh and the metabolites produced by fermenting yeast and bacteria that infect the rot. Because Drosophila are attracted to and feed and reproduce in the necrotic tissues of cacti [9] , it is important to identify which volatile compounds are produced in the necrotizing cactus species.
The formation of volatile compounds during fermentation is dependent upon the species of yeast and the particular strain utilized [10] . There is a correlation between the yeast species and the production of acids, alcohols, and esters formed during fermentation [11] . Strains of yeast have been identified that produce carboxylic acids during fermentation [12] .
Four different strains of Saccharomyces cerevisiae were found to produce isobutyric acid, butanoic acid, hexanoic acid, octanoic acid, decanoic acid, and palmitic acid [12] . Nonanoic acid has also been determined to be a yeast metabolite [13] . Early rot S. thurberi was composed of 33.1% butanoic acid, 16.3% hexanoic acid, 15.6% octanoic acid, 11.1% nonanoic acid, 6.1% decanoic acid, and 0.9% dodecanoic acid. Palmitic acid was identified in both the dynamic headspace and the hydrodistillate of late rot S. thurberi. The source of butanoic acid, hexanoic acid, octanoic acid, nonanoic acid, decanoic acid, dodecanoic acid, and palmitic acid in early rot S. thurberi are likely to be the by-products of yeast metabolism. Late rot organ pipe was also composed of elaidic acid (0.8%), oleic acid (0.2%), and octadecanoic acid (0.3%), which have not been identified as yeast metabolites.
The carbonyl compounds furfural, 5-methylfurfural, and benzaldehyde have been identified as yeast metabolites [13] . Early rot organ pipe cactus contained 1.7% furfural, trace 5-methyl furfural, and 0.1% benzaldehyde. Late rot S. thurberi was composed of 0.2% furfural and 0.5% benzaldehyde. Methyl salicylate, an ester which comprised 1.6% of the early rot volatile fraction, has been determined to be a yeast by-product [13] . 2-Heptanone and 2-nonanone have also been identified as yeast metabolites [14] , and late rot S. thurberi dynamic headspace was comprised of 3.1% 2-heptanone and the hydrodistilled sample 0.4%. 2-Nonanone was found to compose 1.1% of the dynamic headspace and 1.2% of the hydrodistilled necrotic S. thurberi.
Phenethyl alcohol (0.2%) and terpinen-4-ol (0.1%) were the only alcohol-derived compounds in early rot S. thurberi. Phenethyl alcohol [14, 15] and terpinen-4-ol [16] have been identified as yeast metabolites. 2-Isobutyl-3-methoxypyrazine, which was 0.2% of the volatile composition of the hydrodistilled late rot, has been identified to be both a yeast by-product [17] and a fungal metabolite [18] . Butyl butanoate, which was 1.1% of early rot organ pipe, has been identified as a yeast metabolite [12] .
Phenolic compounds are rarely produced via yeast fermentation [19] . p-Ethylguaiacol, which comprised 0.7% of the volatile fraction of late rot S. thurberi, is produced via the decarboxylation of ferulic acid during yeast metabolism [19] . Neither anisole nor p-cresol has been determined to be a yeast by-product. The phenolic compounds identified in the late rot specimens of organ pipe cactus likely represent the products of degradation of the cactus and not microbial by-products. The dynamic headspace extract of late rot organ pipe cactus was composed of 48% alkanes, which have not been identified as yeast metabolites and are likely to be the by-products of cactus necrosis.
The volatiles obtained by dynamic headspace collection from the late, natural rot of S. thurberi consisted of 19 identifiable n-alkanes containing 12 carbons or more, which accounted for 48.5% of the dynamic headspace fraction. Additionally, the necrotic specimens of O. littoralis contained 6.0% alkanes in the dynamic headspace extract. Several of the n-alkanes identified in the necrotic cacti have been found to be sexual pheromones in D. melanogaster, including tricosane, pentacosane, methylhexacosane, heptacosane, and methyloctacosane [20] ; long-chain alkanes may attract the cactophilic Drosophila to the necrotic cacti.
Necrotic Opuntia littoralis volatiles: It has been suggested that necrosis of O. littoralis in nature is a relatively quick process [7] . Approximately 1.5 kg of necrotic O. littoralis was received from the Catalina Island Conservancy in Southern California. Different stages of necrosis were observed in the necrotic specimens. Green pads of prickly pear cactus have a clear, thick epidermis encapsulating a light green biomass. In this study, the first step in necrosis was a drying and darkening of the epidermis of the pad. The entire pad obtained a bark-like appearance. As the epidermis decayed to "bark", the green biomass turned to yellow and white. The yellow and white color then turned caramel, from caramel to dark brown, and finally, the necrosis turned black at the late-rot stage. The natural rot was thick and dry with a thick dark brown exudate. The necrosis started at the joint where the pad was attached to the cactus and spread inward. A single pad contained necrotic tissue with all stages of rot from the yellow/white seen at the beginning of the rot to the dark brown late rot tissue.
The early field rot specimens of O. littoralis did not contain any volatile components other than 1-docosene in the dynamic headspace extraction, which did not become detectable until week 6 of the process of necrosis. Additionally, despite sampling ~ 750 g of early rot O. littoralis tissue, hydrodistillation produced insufficient quantities of oil to perform quantitative GC-MS analysis. GC-MS analysis revealed the development of carboxylic acids during the process of necrosis.
Both the dynamic headspace extraction and the hydrodistillation of the naturally-necrotic specimens of O. littoralis were dominated by carboxylic acids ( Table 3 ). The dynamic headspace consisted of 86.0% carboxylic acids while the hydrodistilled material was composed of 89.1% carboxylic acids. The hydrodistilled necrotic tissue was composed of 7.0% linalool compounds and 2.6% alcohol-derived compounds. The volatile chemical profiles for necrotic O. littoralis in this present study is notably different from that reported previously [7] .
The essential oil of green O. littoralis, growing wild on Catalina Island, California, which was non-toxic to all three species of flies, has been shown to be composed of 106 compounds [21] . Green O. littoralis essential oil was dominated by terpenoid-derived compounds (47.2%), fatty-acid derived compounds (29.1%), alkanes (7.6%), and furanoid and benzenoid compounds (10.6%), as well as 11.6% carboxylic acids. The volatile fraction of necrotic O. littoralis varied significantly from the green specimens. The dynamic headspace of necrotic specimens was composed of 86.0% carboxylic acids with butanoic acid dominating the volatile fraction. Necrotic O. littoralis oil obtained by hydrodistillation contained 89.1% carboxylic acids.
Isobutyric acid, butanoic acid, hexanoic acid, and palmitic acid have been identified as yeast metabolites [12] , and, therefore, the presence of these carboxylic acids can likely be attributed to yeast metabolism.
Carvone hydrate was a minor component (0.1%) of the volatile fraction of necrotic O. littoralis. Since neither carvone nor carvone hydrate were detected in the green O. littoralis essential oil, it is uncertain whether carvone hydrate is a by-product of microbial fermentation within the necrotic cactus; the 1188 Natural Product Communications Vol. 9 (8) 2014 full complement of microbial species inhabiting the necrotic cactus tissues has yet to be ascertained.
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Drosophila toxicity testing: Although S. thurberi and O. littoralis are utilized by cactophilic flies, D. mojavensis sonorensis and D. mojavensis wrigleyi, respectively, these cactus rots were found to be toxic to Drosophila melanogaster causing 100% mortality within 48 hours of exposure. Characterization of the chemical composition of the volatile fraction of the cactus rots was performed to ascertain what compounds within the necrotic cacti may have contributed to toxicity. D. melanogaster, D. m. wrigleyi, and D. m. sonorensis were exposed to several compounds identified in the necrotic specimens to determine the toxicity of each compound to each fly.
Several compounds found in the necrotic cactus specimens and that were available to us were selected for toxicity screening against D. melanogaster, D. m. wrigleyi, and D. m. sonorensis (Table 4 ). In addition, necrotic O. littoralis and necrotic S. thurberi were tested against D. melanogaster and both of these necrotic cacti were found to be 100% lethal after 48 h. In comparison, "green" O. littoralis was non-toxic to all three Drosophila species. Neither butanoic acid nor palmitic acid were toxic to the Drosophila species (LC 50 > 3000 μg/mL). Anisole was found to be the most toxic to D. melanogaster and least toxic to D. m. sonorensis. p-Cresol was most toxic to D. melanogaster and least toxic to D. m. wrigleyi, which could tolerate almost three-fold more p-cresol.
Benzaldehyde was the most toxic compound tested on both D. melanogaster and D. m. wrigleyi. The LC 50 of benzaldehyde was comparable for these two fly species, but D. m. sonorensis tolerated almost two-fold greater concentration of benzaldehyde than either D. melanogaster or D. m. sonorensis. Hexanoic acid was found to induce reversible coma in Drosophila and octanoic acid to cause death [22] . On the other hand, decanoic acid has been shown to be non-toxic to D. melanogaster [22] .
The insecticidal activity screening in this current work indicated that butanoic acid was also non-toxic and well tolerated (LC 50 > 3000 μg/mL) by all three species of Drosophila. p-Cresol, the dominant component of both the dynamic headspace extract (32.6%) and the hydrodistilled extract (55.9%) of late rot necrotic organ pipe cactus, has been found not to be linked to sex-linked recessive lethal mutations in D. melanogaster [23] . Both D. m. wrigleyi and D. m. sonorensis were able to tolerate much higher concentrations of p-cresol than wild-type D. melanogaster, with D. m. wrigleyi expressing an LC 50 more than twice that of D. melanogaster.
Anisole was present in the organ pipe cactus late rot composing 0.7% of the dynamic headspace extract and 4.5% of the hydrodistilled extract. Anisole has been identified as an odorant evoking a strong response in D. melanogaster olfactory circuitry [24] . D. m. sonorensis had an LC 50 three times that of D. melanogaster while D. m. wrigleyi had an LC 50 twice that of D. melanogaster for anisole.
Benzaldehyde was found to be the most toxic of all the compounds tested in this study to all three species of Drosophila. Genotoxicity testing of benzaldehyde using the Wing Spot Assay on Drosophila at concentrations of 0.2 M showed significant microscopic changes in the phenotype in terms of orange discoloration of the thorax and darkening of the eye color [25] . D. m. sonorensis, which is exposed to benzaldehyde via utilization of S. thurberi, had the greatest tolerance for and the highest LC 50 for benzaldehyde of the three fly species tested. Although benzaldehyde was the most toxic compound to all three fly species tested, it was found in green O. littoralis (0.5%) [21] , which was non-toxic to all three fly species. Due to the presence of benzaldehyde in the green, non-toxic O. littoralis, it is doubtful that this compound accounts for the toxicity of the necrotic S. thurberi and O. littoralis to D. melanogaster.
2-Heptanone has been identified as an odorant stimulant for
Drosophila sechellia [22] . D. m. sonorensis, which would be exposed to 2-heptanone during utilization of necrotic S. thurberi, had the greatest tolerance for 2-heptanone and expressed an LC 50 of almost twice that of D. m. wrigleyi, which utilizes O. littoralis that was devoid of 2-heptanone, and almost three times the LC 50 expressed by D. melanogaster. 2-Nonanone constituted 1.1% of the Necrotic cactus volatiles and Drosophila mojavensis Natural Product Communications Vol. 9 (8) 2014 1189 necrotic S. thurberi dynamic headspace and 1.2% of the hydrodistillate. Interestingly, 2-heptanone is an odorant receptor agonist for the D. melanogaster R85b/83b receptor, whereas 2-nonanone is an odorant receptor antagonist for that receptor [26] . The toxicity of 2-nonanone was comparable for all three species of Drosophila tested.
Drosophila olfactory preference: Olfactory preference testing with wild type D. melanogster, D. mojavensis wrigleyi, and D. mojavensis sonorensis revealed species selectivity for certain compounds ( Table 5 ). Wild-type D. melanogaster exhibited a significantly (α < 0.001) greater than expected preference for the control (Carolina ® Formula 4-24 instant Drosophila medium), butanoic acid, oleic acid, and phenol and significantly (0.001 < α < 0.5) greater than expected preference for octanoic acid. D. melanogaster exhibited significantly (α < 0.001) less than expected preference for benzaldehyde, p-cresol, and 2-nonanone, and significantly (0.001 < α < 0.5) less than expected preference for hexadecane and isophorone. D. m. wrigleyi exhibited significantly (α < 0.001) greater than expected preference for anisole and butanoic acid and significantly (0.001 < α < 0.5) greater than expected preference for 2-heptanone and palmitic acid; p-cresol preference was significantly (α < 0.001) less than expected. D. m. wrigleyi presented significantly (0.001 < α < 0.5) less than expected preference for benzaldehyde, hexanoic acid, nonanoic acid, and phenethyl alcohol.
The butanoic acid, hexadecane, octanoic acid, and oleic acid preference of D. m. sonorensis was significantly (0.001 < α < 0.5) greater than expected. The control and p-cresol were significantly (α < 0.001) less preferred by D. m. sonorensis than expected. Of the compounds tested, only isophorone was significantly (0.001 < α < 0.5) less preferred by D. m. sonorensis. ** Visitation significantly (α < 0.001) greater than expected (6.25%). * Visitation significantly (0.001 < α < 0.5) greater than expected (6.25%). ++ Visitation significantly (α < 0.001) less than expected (6.25%). + Visitation significantly (0.001 < α < 0.5) less than expected (6.25%).
All three types of Drosophila exhibited a preference for butanoic acid and an aversion for p-cresol. Butanoic acid was non-toxic (LC 50 > 3000 μg/mL) to all three fly species while p-cresol was moderately toxic to D. melanogaster and D. m. sonorensis (LC 50 = 458 and 631 μg/mL, respectively). The olfactory attraction of Drosophila species to butanoic acid might be expected; D. melanogaster is attracted to butanoic acid and has shown electroantennagram response to the chemical [27] . p-Cresol has been previously shown to be insecticidal to D. melanogaster [28] as well as Musca domestica [29] . Benzaldehyde was significantly avoided by D. melanogaster and D. m. wrigleyi, consistent with the insecticidal activity of this compound. Benzaldehyde was previously shown to be repellent to D. melanogaster [30] . Interestingly, although hexadecane was the most toxic compound tested against D. m. sonorensis (LC 50 = 204 μg/mL), this fly was significantly attracted to the hydrocarbon.
Both D. melanogaster and D. m. sonorensis showed significant attraction to octanoic acid, even though this compound was more toxic to these flies than to D. m. wrigleyi. Octanoic acid had been shown to be repellent and toxic to D. melanogaster, but attractive to D. sechellia [31] . Fougeron and co-workers [32] have observed that D. melanogaster larvae show a preference for unsaturated fatty acids and an aversion to saturated fatty acids, while adults generally preferred saturated over unsaturated fatty acids. In this present study, however, we observed D. melanogaster adults to be significantly attracted to oleic acid but not attracted to palmitic acid. D. m. sonorensis was also attracted to oleic acid while D. m. wrigleyi was attracted to palmitic acid.
Drosophila odor preferences may result from shifts in odor abundance that create corresponding shifts in the abundance of sensory neurons, which create a shift in neuron glomerular size that, in turn, distorts the fly's code for interpreting odors, which over time lead to shifts in odor preference and speciation for the ecological niche with the particular odor abundance [33] . This shift in olfactory neural circuitry has been shown to lead to a species of Drosophila evolving to prefer a food source toxic to its sibling D. melanogaster [34] . Here, necrotic rots of both S. thurberi and O. littoralis are toxic to D. melanogaster and non-toxic to D. m. wrigleyi and D. m. sonorensis. Shifts in odor abundance in the Sonoran Desert and on Santa Catalina Island, California, may have led to the evolution of food preference.
A shift in preference between D. m. wrigleyi and D. m. sonorensis was observed. D. m. wrigleyi demonstrated a greater preference for anisole, butanoic acid, 2-heptanone, and palmitic acid than did D. m. sonorensis. D. m. wrigleyi exhibited a decreased preference for benzaldehyde, hexanoic acid, nonanoic acid, and phenethyl alcohol than did D. m. sonorensis. D. m. sonorensis demonstrated an increased preference for hexadecane, octanoic acid, and oleic acid than did D. m. wrigleyi. D. m. sonorensis expressed a reduced preference for isophorone than did D. m. wrigleyi.
Conclusions:
The volatile composition of necrotic cactus tissue is determined by the yeasts and other microbes that colonize the cactus. This is the first study wherein the natural rots of S. thurberi and O. littoralis have been characterized. Although natural early rot S. thurberi and necrotic O. littoralis were both dominated by carboxylic acids, the volatile composition of late rot S. thurberi was dominated by benzenoid compounds.
Yeast metabolites contributing to the volatile fraction of the necrotic cacti necrotic include isobutyric acid, butanoic acid, hexanoic acid, octanoic acid, nonanoic acid, decanoic acid, palmitic acid, phenethyl alcohol, 2heptanone, 2-nonanone, benzaldehyde, and methyl salicylate.
Although the necrotic rots of these cactus species are utilized by D. mojavensis, these rots were found to be lethal when consumed by D. melanogaster.
Toxicity of yeast-derived volatile cactus compounds exhibited a divergence wherein D. mojavensis sonorensis had decreased sensitivity to benzaldehyde and 2-heptanone and D. mojavensis wrigleyi had decreased sensitivity to hexanoic acid, isophorone and octanoic acid. The identification of compounds in the cactus rots that are toxic to fruit flies may aid in understanding the biochemical processes evolved in the detoxification of these compounds.
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Finally, all three Drosophila taxa were exposed to compounds identified within the rots to determine the level of preference each fly species had for each compound. The differences in yeast-derived volatiles in the necrotic rots corresponds to D. m. sonorensis expressing a significant olfactory preference for butanoic acid, octanoic acid, and oleic acid while D. m. wrigleyi exhibited a significant olfactory preference for butanoic acid, 2-heptanone, and palmitic acid.
Experimental
Cactus specimens: Necrotic specimens (1.47 kg) of O. littoralis were identified by Ben Coleman and collected from Santa Catalina Island, California in July, 2013. Necrotic O. littoralis produced a sweet, pleasant smell. Fully necrotic O. littoralis tissues were subjected to dynamic headspace extraction followed by hydrodistillation. Necrotic specimens (3.42 kg) of S. thurberi were identified by Tim Tibbits and collected from the Organ Pipe Cactus National Monument, at Ajo, Arizona during March 2013. A total of 7 arms were collected and analyzed. Two of these were less necrotic and were classified as "early rot" specimens, while 5 arms were fully necrotic and were classified as "late rot" specimens. "Late rot" specimens produced a strong, offensive odor.
The dynamic headspace (purge-and-trap [35] ) extraction was performed by placing necrotic specimens in a Fischer Scientific oven connected to a GAST power-operated air pump. The oven temperature was maintained at 38C and air was pumped across the sample and through a dry ice cold trap for 6 h. The condensed volatiles were thawed to 25C, saturated with NaCl, and extracted 3 with equal volumes of CH 2 Cl 2 . The CH 2 Cl 2 was evaporated and the oil so obtained was stored at 4C until analysis. O. littoralis (810.45 g) extracted via dynamic headspace produced 102 mg of a clear colorless oil. The "late rot" S. thurberi (631.4 g) dynamic headspace extraction produced 328.6 mg of dark yellow distillate. After dynamic headspace extraction, the necrotic cactus specimens were hydrodistilled for 4 h using a Likens-Nickerson apparatus with continuous extraction of the distillate with CH 2 Cl 2 to give 1.1 mg yellow oil and 179.6 mg yellow-brown oil for O. littoralis and S. thurberi, respectively. Dynamic headspace extraction of 511.9 g "early rot" S. thurberi gave only trace amounts of volatiles; hydrodistillation produced 880.7 mg of oil. The S. thurberi oils had a strong, offensive odor. The oils were stored at 4C until analysis.
Gas chromatographic -mass spectral analysis:
The volatile oils of the necrotic cactus specimens were subjected to gas chromatographic-mass spectral analysis on an Agilent system consisting of a Model 6890 gas chromatograph, a Model 5973 mass selective detector [MSD, operated in EI mode (electron energy = 70 ev), scan range = 40-400 amu, and scan rate = 3.99 scans/sec], and an HP-5ms fused silica capillary with a (5% phenyl)-polymethylsiloxane stationary phase, film thickness of 0.25 µm, a length of 30 m, and an internal diameter of 0.25 mm. The carrier gas was helium with a column head pressure of 48.7 kPa and a flow rate of 1.0 mL/min. Inlet temperature was 200ºC, and interface temperature 280ºC. The GC oven temperature program used was as follows: 60ºC initial temperature, hold for 5 min; increased at 3ºC/min to 280ºC. A 1%, w/v, solution of each sample in CH 2 Cl 2 was prepared and injected using a 10:1 split ratio.
Identification of the oil components was based on their retention indices determined by reference to a homologous series of n-alkanes, and by comparison of their mass spectral fragmentation patterns with those reported in the literature [36] and stored on the MS library [NIST database (G1036A, revision D.01.00)/Chem-Station data system (G1701CA, version C.00.01.080)]. The percentages of each component are reported as raw percentages based on total ion current without standardization. The volatile components from necrotic cacti are presented in Tables 1-3 
Drosophila insecticidal assay:
Insecticidal assays were carried out on D. melanogaster, D. m. wrigleyi, and D. m. sonorensis flies with the following volatile components: p-cresol, p-methyl anisole, phenylethyl alcohol, 2-heptanone, oleic acid, butanoic acid, benzaldehyde, nonanoic acid, hexanoic acid, octanoic acid, hexadecane, 2-nonanone, isophorone, phenol, and palmitic acid. Reference compounds were obtained from Sigma-Aldrich at the highest grade of purity available. Three replicates were tested for each compound as well as both "green" and necrotic O. littoralis and S. thurberi. For each replicate, 10 mL of hydrated fly medium (Formula 4-24 Instant Drosophila Media ® , Plain, Carolina Biological Supply) and 100 μL of DMSO solution of the reference compound were placed into a 20 mL sample vial. Ten one-day-old flies (5 male and 5 female) were added to the vial and allowed to incubate at room temperature for 24 h, after which the total number of survivors was counted. Dilutions of each reference compound were tested and the LC 50 values determined using the Reed-Muench method [37] . The insecticidal results are summarized in Table 4 .
Drosophila olfactory preference assay: A clear poly(methyl methacrylate) box (50 cm length  50 cm width  10 cm height) was constructed, holes drilled in the bottom in order to accommodate 20 mL sample vials, and fitted with sample vials (15 vials for reference compounds plus one medium-only control vial) ( Fig. 1 ). Each vial contained 10 mL hydrated Drosophila medium Approximately 300 one-day-old flies with equal numbers of males and females were tested in each replicate. The flies were able to enter the vial containing the different compounds being tested, and the number of flies in each vial was counted at 2-h intervals with 20 observations being performed over a two-day period. Fly visitation was analyzed using a χ 2 Goodness of Fit test and is summarized in Table 5 .
